Following surgical tumor resection and melanoma tumor challenge, only mice receiving memory T cell-based ACT immunotherapy exhibited durable tumor-specific immunity. These findings demonstrate how the use of non-expanded memory CD8+ T cells may enhance ACT immunotherapeutic efficacy.
Introduction
Adoptive cell transfer (ACT) is an immunotherapeutic strategy that takes advantage of tumor antigen-specific CD8+ T cells within tumor-infiltrating lymphocyte (TIL) populations. Preclinical and clinical studies have proven the principle of ACT immunotherapy, in which TIL is isolated from tumors, stimulated to undergo massive in vitro proliferation, and infused into patients in hopes of causing immunological tumor regression [1] [2] [3] . ACT protocols typically depend on pre-transfer lymphodepletion to maximize the engraftment and persistence of ex vivo-expanded T cell populations [4] [5] [6] . Although clinical trials of melanoma ACT have demonstrated favorable response rates and cases of profound and durable disease regression, suboptimal response rates and the complexity and risks of pre-transfer lymphodepletion have tempered widespread implementation of this promising strategy.
CD8+ T cells pass through various states of differentiation determined by their temporal relation to
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antigen encounter [7] [8] [9] [10] . Antigenic stimulation drives naïve CD8+ T cells to differentiate into effector CD8+ T cells capable of rapid proliferation and antigen clearance. Effector T cells are highly susceptible to apoptosis, but a subset of memory precursor effector T cells persist and eventually differentiate into memory CD8+ T cells capable of long-term proliferative renewal. In response to later antigen encounters, memory T cells quickly activate and expand [11, 12] .
Because of their ability to undergo large-scale proliferative expansion and their effectiveness in recognizing and clearing antigen, effector T cells have been a mainstay of ACT. However, effector T cells are terminally differentiated cells with a finite life expectancy and no capacity for self-renewal. It has been well recognized that ACT efficacy can be enhanced with the use of less differentiated subtypes of T cells, including memory T cells [13] [14] [15] [16] [17] [18] [19] . However, the specific consequences of effector versus memory T cell transfer on the intratumoral and systemic immunological milieu and on endogenous tumor-directed T cell responses have not been clearly dissected. We have previously demonstrated that in vivo exposure to melanoma impairs the transition of resting to effector T cells and enhances the apoptotic contraction of acutely activated T cells CD8+ T cells [20, 21] ; in contrast, the capacity of memory T cells for homeostatic proliferation and antigen-driven reactivation are unaltered by in vivo exposure to melanoma [22] .
Based on these findings, we sought to compare the local and systemic immunological consequences of effector versus naïve versus memory CD8+ T cell-based ACT using a murine model of non-lymphodepletion adoptive melanoma immunotherapy. We employed a lymphocytic choriomeningitis virus (LCMV) infection model to generate bona fide resting naïve, activated effector, and resting memory CD8+ T cells, and used a recombinant B16F10 melanoma tumor model expressing low levels of the LCMV peptide GP33 previously optimized in our laboratory. In order to directly compare the in vivo efficacy of these various states of T cell activation and differentiation, we adoptively transferred unmodified GP33-specific naïve, effector, and memory CD8+ T cells without peptide or cytokine stimulation in order to preserve their activation status at the moment of in vivo antigen encounter. We report that, whereas effector and memory CD8+ T cells are comparable in their ability to inhibit melanoma tumor growth in vitro and promote endogenous melanoma-specific T cell responses in vivo, memory CD8+ T cells are more effective than effector CD8+ T cells at mediating ACT immunotherapy and that this enhanced efficacy is associated with a stronger induction of TIL, greater durability and persistence and survival of adoptively transferred T cells, the generation of a more potent systemic tumor-specific CD8+ T cell response, and a potential for promoting durable tumor immunity.
Materials and methods

Mice
Seven-to eight-week-old female Ly5.2+/C57BL/6 and Ly5.1+/B6.SJL mice were purchased from Taconic (Hudson, NY) and maintained in sterile housing. All mouse work was conducted with the approval of the University of Wisconsin and William S. Middleton Memorial VA Hospital Animal Care and Use Committees.
Tumor cell lines and virus
Tumor inoculations and viral infections were performed as previously described [20, 21] . A poorly immunogenic B16F10 melanoma cell line arising in C57BL/6 mice was cultured in RPMI-1640 medium (Mediatech, Herndon, VA) with 10 % fetal bovine serum, 2 mM l-glutamine, 100 μg/mL streptomycin, and 100 U/mL penicillin (Life Technologies, Inc., Grand Island, NY). B16F10 cells were transfected with a plasmid encoding GP33, a class I MHCrestricted LCMV surface glycoprotein. The plasmid also encoded G418 resistance, and poorly immunogenic clones with low levels of GP33 expression were selected [21] . Tumors were established in C57BL/6 mice with subcutaneous injections of 10 6 B16F10 or B16GP33 cells suspended in serum-free RPMI-1640 media. Viral infection was performed by inoculating C57BL/6 mice with intraperitoneal injections of 2 × 10 5 PFU of Armstrong strain of LCMV.
Adoptive cell transfer
Adoptive cell transfer was performed as previously described [21, 22] . Naïve CD8+ GP33-specific T cells were derived from splenocytes harvested from Ly5.1+ P14 TCR transgenic mice (C57BL/6 background with TCR specificity for GP33). Effector CD8+ GP33-specific T cells were derived from splenocytes harvested from congenic Ly5.1+ B6.SJL mice 8 days after LCMV infection. Memory CD8+ GP33-specific T cells were derived from splenocytes harvested from Ly5.1+ B6.SJL mice 50-80 days after LCMV infection. In order to enhance the yield of CD8+ GP33-specific memory T cells, 10 3 CD8+ GP33-specific T cells from resting Ly5.1+ P14 TCR transgenic mice were adoptively transferred into Ly5.1+ B6.SJL mice 1 day prior to LCMV infection. Magnetic bead separation columns (Miltenyi, Auburn, CA) were used to enrich splenocytes for CD8 expression. CD62L− effector memory T cells were separated from CD62L+ central memory T cells using CD62L magnetic bead separation columns (Miltenyi, Auburn, CA). CD8+ GP33-specific T cell populations were characterized and quantified by flow cytometry. Adoptive immunotherapy was performed by adoptively transferring 10 5 CD8+ GP33-specific T cells or serum-free media into tumor-bearing mice 1 or 7 days after B16GP33 tumor inoculation. Recipients of adoptive immunotherapy were Ly5.2+ C57BL/6 mice; in this way, exogenous donorderived Ly5.1+ CD8+ T cells could be distinguished from endogenous Ly5.2+ CD8+ T cells after immunotherapy.
MTT assay
CD8+ GP33-specific T cells were co-cultured with B16F10 or B16GP33 melanoma cells at multiple effector/target ratios with IL-2 (10 ng/mL) for 24 h in 48-well plates. B16F10 or B16GP33 melanoma cell proliferative activity was quantified using the Celltiter 96 non-radioactive MTT assay kit (Promega, Madison, WI) following manufacturer's instructions.
Flow cytometry
Flow cytometric characterization of lymphocytes was performed using methods as previously described [19] [20] [21] [22] . Prior to adoptive transfer, harvested splenocytes were stained with APC-labeled MHC class I (D b ) tetramers loaded with GP33, PErCP-labeled anti-CD8, PE-labeled anti-CD62L, PECy7-labeled anti-CD127, and FITC-labeled anti-KLRG1 antibodies and analyzed by flow cytometry. On day 4 or 14 after B16GP33 tumor inoculation, tumors were explanted and homogenized, and single-cell suspensions of tumor-infiltrating lymphocytes were isolated using Histopaque (SigmaAldrich, St. Louis, MO). Tumor-infiltrating lymphocytes were stained with APC-labeled MHC class I (D b ) tetramers loaded with GP33 peptide, PerCP-labeled anti-CD8, PE-labeled antiLy5.1, and FITC-labeled anti-CD44 and analyzed by flow cytometry. Also on day 14 after B16GP33 tumor inoculation, splenocytes (10 6 cells/well) were stimulated with media alone or with GP33 peptide (0.1 μg/mL) with brefeldin A and human recombinant IL-2 (10 U/well) and incubated in flatbottomed 96-well plates at 37 °C for 5 h. After staining with FITC-labeled anti-CD8 antibody, the Cytofix/Cytoperm kit (BD Biosciences-Pharmingen, San Diego, CA) was used to permeabilize and stain the cells with APC-labeled anti-IFNγ antibody. Stained cells were quantified on a FACSCalibur flow cytometer (BD Biosciences-Pharmingen, San Diego, CA) and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR). Unless otherwise specified, all reagents and antibodies were purchased from BD Biosciences.
Hematoxylin and eosin staining
Mice were killed on day 18 after tumor injection. Tumors were resected and prepared for staining. Deparaffinized slides were prepared in xylene and rehydrated through a graded alcohol series to dH 2 0. Slides were stained in filtered and modified Harris hematoxylin for 4 min, washed with running tap water, and then differentiated in 1 % acid alcohol. The slides were washed with tap water, soaked with 1 % ammonia water for 30 s, washed with water, acclimated in 95 % ETOH, and then stained with 1 % alcoholic eosin solution for 1 min. Slides were dehydrated through two changes of 95 % followed by 100 % ETOH, cleared in xylene, and mounted with Cytoseal.
Statistical analysis
IBM SPSS statistical software version 19 (Armonk, NY) was used to analyze experimental data. A repeated-measures analysis of variance (ANOVA) with pair-wise comparisons performed using Fisher's protected least significant difference tests was used to compare experimental groups. All reported p values are two-sided, and significance was defined as p < 0.05. Error bars in graphical representations of data represent standard errors of the mean.
Results
Memory CD8+ T cell-based ACT is more effective than naïve or effector CD8+ T cell-based ACT at inhibiting in vivo melanoma growth
To identify differences in immunotherapeutic efficacy between various states of CD8+ T cell differentiation, C57BL/6 mice were inoculated with subcutaneous B16GP33 melanoma tumors and intravenously injected with 10 5 GP33-specific CD8+ T cells in various states of differentiation 1 day later. As shown in Fig. 1a -c, GP33-specific CD8+ T cells harvested from uninfected P14 TCR transgenic mice, B6.SJL mice at 8 days after LCMV infection, and B6.SJL mice at >60 days after LCMV infection were predominantly of naïve, effector, and memory phenotype, respectively, as assessed by CD44, CD62L, KLRG, and CD127 expression. Control mice did not receive ACT. Exponential tumor growth was observed in control mice, and minimal tumor inhibition was observed in mice treated with naïve T cell ACT. Significant inhibition of tumor growth was observed in mice that received effector T cell ACT, but significantly greater inhibition was seen in mice that received equivalent numbers of memory T cells (Fig. 1d) . Similar findings were observed when mice were treated with effector or memory T cell ACT 7 days after tumor inoculation (Fig. 1e) .
Memory CD8+ T cell subsets are similarly effective at inhibiting melanoma growth in vivo
To determine whether memory T cell subsets have differential efficacy in inhibiting melanoma growth, GP33-specific CD8+ memory T cells were separated by column separation based on CD62L expression into effector memory (CD62L−) and central memory (CD62L+) subsets (Figs. 2a,b ) and 10 5 GP33-specific CD8+ T cells were adoptively transferred into C57BL/6 mice 1 day after B16GP33 melanoma tumor inoculation. As shown in Fig. 2c , adoptive transfer of 10 5 GP33-specific CD8+ effector memory T cells (T EM ) appeared to result in Fig. 1 ACT of memory CD8+ T cells results in optimal control of melanoma tumor growth. Naïve, effector, and memory Ly5.1+ CD8+ GP33-specific T cells are harvested and characterized by flow cytometry for: a TCR specificity for GP33 by staining with MHC tetramer loaded with GP33 peptide (gated on CD8+ lymphocytes) b CD62L expression, and c CD127 and KLRG1 expression (gated on CD8+ GP33-specific cells). d Serial B16GP33 tumor measurements in mice treated with no immunotherapy or ACT of 10 5 CD8+ GP33-specific naïve, effector, or memory T cells one day after tumor inoculation demonstrated maximal inhibition of tumor growth after memory T cell ACT. e Memory T cells remained more effective than effector T cells when ACT is performed 7 days after tumor inoculation. These experiments are performed 3-4 times with similar results, with four mice per group (*p < 0.05 vs. no immunotherapy; † p < 0.05 vs. naïve T cell immunotherapy; p < 0.05 vs. effector T cell immunotherapy) a somewhat stronger inhibition of tumor growth than adoptive transfer of 10 5 GP33-specific CD8+ central memory T cells (T CM ), but these differences were not statistically significant.
Memory CD8+ T cells are not more potent than effector CD8+ T cells at inhibiting melanoma growth in vitro
To determine whether memory CD8+ T cells are intrinsically more cytostatic or cytotoxic than effector CD8+ T cells, B16GP33 melanoma cells were co-cultured with effector or memory CD8+ GP33-specific T cells at various ratios for 24 h. In the last 4 h of co-culture, melanoma cells were pulsed with MTT and cellular proliferation was measured by standard colorimetric assay. Figure 3 shows that the inhibitory effects of effector and memory CD8+ T cells on B16GP33 melanoma tumor growth were similar, suggesting that there were no substantial differences in their intrinsic ability to arrest target cell proliferation.
Memory CD8+ T cell-based ACT promotes more potent intratumoral CD8+ T cell infiltration than effector CD8+ T cell-based ACT
To determine whether potency of memory T cell ACT was due to enhanced intratumoral T cell infiltration, B16GP33 melanoma-bearing C57BL/6 mice received adoptive transfer of 10 5 effector or memory CD8+ T cells 1 day after tumor injection and were euthanized on days 4 and 14. Tumors were explanted and homogenized into single-cell suspensions from which lymphocyte populations were characterized by flow cytometry. As shown in Fig. 4a , significantly higher intratumoral populations of total (donorderived plus endogenous) CD8+ T cells were observed on day 4 in mice that had received ACT immunotherapy, with no differences observed between effector and memory T cells. The numbers of intratumoral CD8+ T cells decreased by day 14 in all groups, but significantly higher numbers were present in mice that had received memory T cell ACT. As depicted in Fig. 4b , hematoxylin and eosin microscopic examination of paraffinized tumor sections collected on day 18 also appeared to demonstrate more potent TIL populations following memory CD8+ T cell ACT. Figure 4c shows that, whereas CD8+ T cells derived from Ly5.1+ donor mice declined from day 4 to day 14 after effector T cell ACT, donor-derived CD8+ T cells increased in number after memory T cell ACT. As demonstrated in Fig. 4d , the increase in TIL seen after memory T cell ACT was due to differences in donor-derived T cells, as no differences in endogenously derived Ly5.2+ TIL were observed between the two immunotherapy groups at the two time points.
Memory CD8+ T cell-based ACT results in systemic CD8+ T cell responsiveness against tumor antigen
To compare the survival and persistence of circulating donor-derived CD8+ T cells following ACT immunotherapy, spleens were harvested from mice killed on days 4 and 14. Significantly more donor-derived Ly5.1+ CD8+ T cells were observed within the spleens of mice following memory T cell ACT as compared to effector T cell ACT (Fig. 5a ). To determine whether effector or memory T cell-based ACT could promote systemic T cell responsiveness to tumor antigen, splenocytes harvested on day 4 were stimulated for 5 h with or without GP33 peptide in the presence of IL-2 and brefeldin A. GP33-specific CD8+ T cells were identified by flow cytometry based on intracellular levels of IFNγ expression. As shown in Fig. 5b , circulating GP33-specific CD8+ T cells were only detected in mice that had been treated with memory T cell-based ACT.
Memory CD8+ T cell-based ACT can promote long-lived tumor immunity
One theoretical immunotherapeutic advantage of using memory T cells for ACT is their ability to persist indefinitely and sustain tumor immunity. To test this possibility, mice received 5 × 10 5 GP33-specific CD8+ effector or memory T cells ACT on day 7 after B16GP33 melanoma inoculation, after which tumors were resected on day 15. Effector and memory T cell ACT were similar in their ability to transiently arrest the growth of established tumors (Fig. 6a) . On day 25, mice were challenged with contralateral subcutaneous inoculation with B16GP33 melanoma. As shown in Fig. 6b , whereas challenge tumors grew exponentially in mice that had received effector T cell ACT, mice that had received memory T cell ACT were immune to B16GP33. This immunity appeared to be antigen specific, as subsequent challenge with parental B16F10 melanoma cells resulted in typical exponential tumor growth (Fig. 6c) .
Discussion
The remarkable successes of checkpoint inhibitors like anti-CTLA-4 and anti-PD-1 monoclonal antibodies [23] [24] [25] [26] [27] [28] [29] have tempered enthusiasm for other T cell-based modalities of cancer immunotherapy, including ACT. One theoretical advantage that ACT could have over checkpoint inhibition would be in its antigenic specificity and the consequent avoidance of generalized autoimmune complications [30, 31] . Despite its promise, ACT immunotherapy would need to overcome the hurdles of treatment complexity involved with TIL isolation and expansion and pre-transfer lymphodepletion. We and others hypothesize that the clinical benefit of ACT immunotherapy can be magnified with the use of memory CD8+ T cells in place of effector CD8+ T cells. Our laboratory has previously found that in vivo exposure to melanoma drives effector CD8+ T cells toward accentuated apoptotic contraction, whereas the survival and function of memory CD8+ T cells is uniquely resistant to melanoma-induced suppression [20] [21] [22] .
We observed that adoptive transfer of memory T cells was much more potent than the adoptive transfer of equal numbers of tumor antigen-specific effector T cells. Interestingly, memory T cells were not more effective at inhibiting melanoma cell growth than effector T cells in an in vitro co-culture setting, suggesting that there is no difference in their intrinsic cytotoxic or cytostatic activity. Rather, the presence of stronger TIL populations following memory T cell-based ACT suggests that this enhanced in vivo efficacy may be due to the induction of a more potent local antitumor immune response. Memory T cells are comprised of two subsets (T EM and T CM ) according to their expression levels of CD62L [32] . It has been proposed that T CM may represent an optimal cell type for use in ACT [33, 34] . Despite the improved ability of T EM to traffic into peripheral tissues, we observed no clear differential inhibition of in vivo melanoma growth with CD62− T EM as compared to CD62L+ T CM .
Whereas effector T cell ACT was incapable of inducing measurable systemic T cell responsiveness to tumor antigen, CD8+ T cell reactivity to the melanoma antigen GP33 was observed among splenocytes following memory T cell ACT. When effector or memory T cell-based ACT was administered in a neoadjuvant manner prior to curative tumor resection, melanoma challenge experiments verified that only memory T cell-based ACT was capable of inducing durable tumor immunity. Notably, antigen-specific immunity was observed at late time points when donor-derived Ly5.1+ CD8+ T cells were no longer detectable in the spleen (data not shown). This suggests that the adoptive transfer of tumor-specific memory T cells eventually promoted the generation of endogenously derived tumor-directed T cell responses that were not seen after effector T cell ACT. .1+/CD8 + GP33-specific effector or memory T cells is performed on day one after B16GP33 tumor inoculation in Ly5.2+/C57BL/6 mice. a FACS analysis after tumor inoculation showed higher CD8+ T cell infiltration on day 4 after tumor inoculation in mice receiving ACT, and higher CD8+ T cell infiltration on day 14 in mice receiving memory T cell ACT. b Representative hematoxylin and eosin-stained sections of tumors resected on day 18 also demonstrated higher numbers of infiltrating lymphocytes after memory T cell ACT. c In contrast to effector T cell ACT, exogenously derived Ly5.1+/CD8+ T cell infiltration increased over time after memory T cell ACT. d No significant differences in endogenously derived Ly5.2+/CD8+ T cell infiltration is observed between effector and memory T cell ACT. These experiments are performed three times with similar results with four mice per group (*p < 0.05 vs. no immunotherapy; † p < 0.05 vs. effector T cell immunotherapy)
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Taken together, these observations suggest that the adoptive transfer of tumor-specific memory T cells may cooperate with endogenous tumor-specific immune responses in a way that generates more potent influx of TIL, greater inhibition of tumor growth, tumor-specific responsiveness among circulating T cell populations, and tumor-specific immunity. Clinical immunohistochemical studies in colorectal adenocarcinoma, renal cell carcinoma, hepatocellular carcinoma, esophageal squamous cell carcinoma, and ovarian carcinoma reinforce the likelihood that tumoral infiltration by memory T cells may represent an optimal immune response to tumors [35] [36] [37] [38] [39] ; indeed, an analysis of resected colorectal adenocarcinoma tumors found that the intratumoral presence of memory T cell infiltrates was a powerfully favorable prognostic predictor that outperformed traditional markers of disease biology such as tumor depth or presence of nodal metastases [40] .
Previous studies have also compared the potential efficacy of effector and memory T cells as mediators of adoptive immunotherapy. A comprehensive body of work from the Surgery Branch of the National Cancer Institute has shown that ACT efficacy can be maximized with the use of less differentiated T cell subsets [13] [14] [15] [16] [17] [18] [19] . It has been reported that the use of T cell populations derived from naïve, resting T cells resulted in the strongest immunotherapeutic effect. However, the current study differs from this work in methodology and intent. To replicate protocols used in human ACT immunotherapy, the previous studies characterized tumor-infiltrating T cells as resting, effector, or memory phenotype based on flow cytometric characteristics. These cell populations then underwent potent in vitro activation and expansion protocols using stimulation with tumor lysates and IL-2, after which they were used for adoptive transfer [14] [15] [16] . As a result, it is likely that the initial differentiation state of these cell populations did not remain intact through this period of aggressive activation and expansion. In contrast, we wished to examine the local and systemic immunological consequences of direct in vivo encounter between these various T cell differentiation states and melanoma; the avoidance of postisolation, pre-transfer T cell stimulation in our experimental protocol allowed us to precisely control the phenotype of tumor-specific T cells at the moment of antigen encounter in vivo.
Although our observations suggest that memory T cells may represent an optimal vehicle for ACT immunotherapy, a number of obstacles would need to be cleared in order for memory T cell-based immunotherapy to become a reality. The most obvious hurdle is that of identifying a source of memory T cells. Several analyses of TIL populations within explanted tumor specimens have verified the presence (and prognostic benefit) of memory T cells within intratumoral infiltrates [34] [35] [36] [37] [38] [39] [40] . However, it is unlikely that current methods of TIL isolation will produce quantities of memory T cells sufficient for use in ACT immunotherapy. Interestingly, several recent investigations have highlighted the possibility that in vitro stimulation of effector T cells with specific cytokines and inhibitors of glucose metabolism may promote memory T cell differentiation [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Our laboratory is presently investigating the possibility of using cytokine therapy to maximize the yield of CD8+ memory TIL either as a preconditioning regimen administered prior to tumor explantation or as a conditioning regimen to promote the expansion of isolated memory CD8+ T cells in vitro. We are also undertaking studies to determine the quantity of memory CD8+ T cells needed to produce levels of tumor inhibition comparable to those seen with the use of traditional effector CD8+ T cells. 
